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INVESTIGATION OF CONTINEN-TAJ_. DRIFT

Phase -II Effort

Contract NSR 09-015-079

Final Report
t

1. SUMMARY

Stanley Ross

Our efforts during Phase 11 Were concentrated on designing a plan for an

initial very long baseline interferometry (VLBI) obserVation program to eVal-

uate the accuracy of selected interferometer configurations. This approach

is intended to provide a.means for quantltatively examining the effectiveness

of the interf_erometer' technique for a variety of earth measurements. Special

emphasis was applied to the foUowing areas of investigation:

A) A screening of e_sting.radio antennas to determine those most suit-

able for collducting the typo of experimental program,.e.nvisioned.,

B) A preliminary analysis of the effects of major _mcertainties on the

accuracy achievable with a "_rLB interferometer.

C) For those sites of most interest, a check of a,_Lilable equipment for

the acquisition, recording, and processing of the received signals.

D) +An investigation of the :laptability of existing :methods and instru-

mentation to the measurement of the columnar refract.:Lvity (atmospheric and

ionospheric) along the ray path of the radio star.

• E) A survey of natural and artifici_l radio sources to determine those

rr_ost sultable for conducting the program.

F) FurthelP investigatione toward improving tho data-processing capa-

bilities at Smithsonlan Astrophysical Observatoly (S_O) for reducing the

received signals.
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l
G) Formulation of a draft plan for a schedule of observations to satisfy

the study objectives.

Estimates of the time, _ manpower, equipment, and funding necessa_:y to

carry out the program are given in SAOts follow-on proposal for The

Application of VLB Interferometry to Earth Measureznents.

In formuiating the observation plan, we stressed those aspects of VLBL.

that are appropriate to the measurement of continental d. _.t, although con-

sideration was also gLven to a number of other Suggestions for earth measure-

ments that ./:he Phase-I. study had identified;

From the list of _an_lidate experin_ents we structured an initial program

whose results should be applicable to many classes of earth measurements

and whose scope should perntit us to prqceed further across a wide front if

the resul{s of the initial program are encouraging.

The conclusions of the study are the following:

I) The initial observation program cal_s for three major groups of

measurements, the first being to conduct a precursor experiment to calibrate

the SAO instrumentation over a short baseline in the Boston area; the second,

to test the _ccuracy of the VLBI measurements against independently obtained

data; and the third, to obtain fringes from a satellite-borne transponder in

an attempt to study the design and operational problems of VLB interferome-

try usin 8 artfficial sources.

2) Tropospheric and ionsopheric distortion of the radio-frequency sig-

nals remains the single most troublesome source o_ error, and simultaneous,

direct probing still appe_trs to be the o_Iy method of approach .hat can permit

measurements te be made to an accuracy consistent with the requirements

for detecting continental drift. We have placed increased emphasis on evalu-

ating this technique in cormection With the use of balloons at altitudes to per-

haps 20 kin.

2
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The study.-Ldentified several existing antenna facilities that would be suit-

able for the pl;ogran_ we are contemplating. We visited most of these sites

and spoke at length with personnel involved in the operation of the antennas.

These individuals were in every instance generously hospitable and enthusi-

_stic in support of our goals, In spite of this keen interest, however, many

of the instrun_ent_ are alrt_ady heavily comn_ittcd to a wide variety of other

programs, and we have come to appreciate the extreme desirability of having

, at our disposal antennas that are frt.ely availal4e to our own program for the

considerable amounts of tithe required. In th,s connection, it is o.tv opinion

that man), of the capabilities represented within the existing National Aero-

nautics and Space Administration (NASA) tracl_xng networks would be very

well suited to a VLB intcrferometry program for earth measurements, and

w_. have recomnacnded that cognizant NASA officials give serious considera-

tion to dedicating some of these instruments to the pursuit of such a program

during slack periods in their schedules.

1 hi.re also exist a few other sites at whic.h, the interest in participating

t_ ._tth a program is so strong that it would be advisable to give serious con-

stdc ration to them as welt. Of particular importance in this regard are the

Yertnilion River Observatory (VRO) in Danville, lll_nois, at which a new 120-ft

dish is being built by the Universi.t.y of Illinois, and the SAO-HCO (Harvard

College Observatory) 84-it Agassiz antenna at Harvard, Massachusetts. There

are also ninny .',ires with smaller antennas of high quality, often readily avail-

able, to which it would be well to address ourselves, since the measurement
t

of geophysical phcnOnaena may have to be carried out at _tany sites where

large antennas do not exist, The success of any program for measuring con-

tinental drift, for instance, may depend un how effectively we can employ

small, perhaps portable, antennas "at remote locations around the globe and

it is important to begin to pursue this line of application as soon as the initial

verification tests with large antennas have been completed.

The diversity of receiving equipment in use at different facilities was an

iznportant factor in shaping the details of the program, and the general un-

availability of suitable high-bandwldth recording equipment heavily influenced

the decision to build a transportable VLB back-end for our own use. In
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considering the computational expense associated _ith the great quantity of

measurements _nticipated, we became aware of the n_,_e_sity for building

digital correlato_- expressly for the program it custs a_'- to be kept within

reason. The cortelator and the recording back-end will th_-r<f::re have to b_

keyed to each other; the design of the two sets of equipment is a subject

for our .?ontinuing research.

It is not our purpos_ to propose or develop new conceptual advances in

instrumentation, but rather to adapt the program to equipment that is cur-

rently available off- r_he- shelf. Consequently, our choice of instrumentation '"

for the VLB back-end was limited to readily obtainable hardware items of

proved reliability. Howeter, several new approaches have been _t-arted by a

n_rnber of groups in an effort to incr.ease recording bandwidths. Notable

among these are the sampled-_requency multiplexer described by the

/vfassach_tsetts Institute of Technology (MIT) Lincoln Laboratory (cf.

Hinteregger_ 1968), and the extended-bandwldth recorders currently under

d_v_elopment by Ampex under National Hadie Astronomy Observatory (NRAO}

sponsorship and' by Algonquin Radio Observatory (ARO} in Canada. These

approaches should be capable of increasing the achievable bandwidth by at

least an order of magnitude in the near future. Although such systems exis[

only in experimental form at present, we look forward to applying such new t

advances to the improvement of our own interferometer performance as soon

a they become generaily available.

We feel that the systen_ we have specified for tl" .... ,_,irninary measure°

ment program should be capable of determinir_.g baseline length to an accuracy

of some 50 m init_ally° and to somewhat better than half this amount at th_

next stage of refinement. This degree of accuracy will permit us to evaluate"

the sensitivity of the V.LB technique, at least for the inter_erometer configu-

rations adopt_.i, and at the same time give us enough opsr_tional experience

to choose the most effective means for improving the accuracy in subsequent

phases of the utudy. Adopting a 50-m figure of accuracy for the initial meas-

urements permits an Int_rferometer of modest accuracy to be used for this

phase of the program or° alternatively° it permits weaker radio stars to be

used as source objects• We show below that stellar sources of about 5 to I0

4

0
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|
flux units should suffice to give us measurements of the desired accuracy.

Finding appropriate sources, therefore, does not appeai" to be a serious

problem at ;his stage, and the matter becomes primarily one of choosing

ii_._ stars that are most favorably positioned relative to the adopted baselines ..................... ......

_ The _roblem of optimiziPg the choict of stellar-sourGe pos£tion will be
studied during the next phase of work.

_._ Inso[ax as geological developments are'concerned, evidence tending to

support the existence of sea-floor spreading as a mechanism for producing

continental drift has continued to accumulate, and we are including in tho

present report a summary of recent magnetic, seismic, and geochrono-

logical findings, pertinent to this study, that have come to light recently.

_ Broad outlines are begirming to emerge o£ a system of global tectoni_.s in

close dynamic relationship to the rotation, precession, and wobble of the

earth.

Durin_ the period since our last summary report, the SAO staff has

been augmented by Drs. I. I. Shapir.o and N. C. Mathur, whose contributions
N

to our further efforts on this contract will play a significant role in accel-

erating the progress toward the study goalS.



2. RESULTS OF RECENT GEOLOGICAL I_{VESTIGATIONS

Ursula B. Marvin
t

Evidence. tending t. uonfirm the reality ,_f continor_La! _lrift h,,. c.ntim.wd

to accumulatL, chtrin_ the past half-year. The general conc,.pt t,f _,.a-fl.or

_preading, with the generation of new crust along the oceanic ridges compen-

sated for by crustal destructiun at the deep trenchvs, is nuw supported by so

many geophysical observatio_ss lhat the large-scale nzigration vf crustal

blocks, both oceanic at_d _ontim, nt_Lt, _ccnts no longt, r in serious doubt. De-

tails of the model _h_ngc _s new nacas,trcmvnts reveal special problems.

The broad utHlilt_.s aru ,._slt_,r£lng, hf_w::.ver, of a global synthesis in which

many guoiogi_-ul 7,h,.n,,n_,na, i,_; |,_.,::,_, tectonic l_ovementa, magnetic re-

versals, ainu_l_i_t_ti_ fhs_t,a_,,,_s: ar_, seen _ts interrelated and influenced

by the _lv,,;_;,, c,, ,.,[the r-t_l,,,., urc_ cssion, and wobble of the earth.

_. I M_g_'t_E and Scisn_i_ Data

To date, the pattern of sea-floor spreading has been outlined, on the

basis of ntagnetic and seismic data, for about half of the world's oceanic

area. The linear belts of magnetic anomalies paralleling the oceanic ridges

have yielded evidence of 171 reversals of the geomagnetic pole during the

past 76 million years, from the late Cretaceous to the present. A tentative

magnetic time _cale has been constr_cted by assigning ages to each succes-

sive anomaly belt. By this means "isochrons." or lines of equa ! age, ranging

from 10 to 80 million years, have been drawn on ocean floor maps (see Fig-

ure ], Heirtzler. 1968).

These isochrons indicate different spreading rates in different oceans

and across separate ridge segments in the same ocean. The highest rates

of spreading, ranging up to I0 cm per year. appear to have occurred across

the East Pacific rise. In the Atlantic the spreading rates of about 2 cm per

6
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yea,', deduced from the magnetic time scale, are in good agreement with

th_se estiraated from fossil and paleoclimatlc evidence for the bre_ikup of

_ondwanaland and the separation of Afric., and South America. Both lines

of evidence suggest that the Atlantic is a young ocean that began to rift be-

tween I00 and 200 million years ago, in the Jurassic.

According to recent interpretations of seismic data from the oceanic

ridges, the active slip occurs mainly along the planes between offset ridge

crests and the direction of first movement indicates that these slip planes

are indc_dtransform faults, as was predicted by Wilson (1965). Geometric

analyses have demonstrated that the ridge-crest segments and their connec-

ting transtornt fault lines tend to lie at right angles to one another and can be

p,otted upon a globe as longitudes and latitudes around a pole of spreading as

sh_v.,n in Figurr 2. The p.des ,_f spreading are not the same for all oceans, and

they apparently mi_ratt, v;ith time for any one ocean. The present-day spread-

ing poles for lht. Pacific Ocean and the South Atlantic arc essentially identical

and lie very c],,s¢ t, th,. cartl_'s magnetic poh:s. The poles of spreading de-

duced for the_c ¢_ceans in the Cret_tceous lay close to the Cretaceous rrtag-

nctic pule (th.irlzler, 1q68). Thus, it appt,ars that tht' gross pattern of

earth mov(;mcm_ is iJfflu_.nccd by t',e same forces that govern the magnetic

field with its ch_ngt, s in dislril)ution, intensity, and polarity.

i'i_i, ridgt, cresCs are extensional zones where sea-floor spreading is

accomplished n_ainly by dike-like intrusions accompanied by shallow-focus

cartl, quakes but relatively" little effusive volcanism. "fhe compensating de-

structi,n of crustal material occurs mainly in compressienal zones along

dt, ep trenches and continental margins where the oceal_ floor is warped down-

ward into the upper mantle. Most active volcanism and virtually all the

world's deep-focus earthquakes occur along these zones, of which the Pacific

n_r_Jn i_ the prime example, Here the introduction oi oceanic bedrock and '.

scdtntents into the mantle may account for the andesitic petrology of the

volcanic mountain chains rir,-tmit, g the Pacific Oc¢an iDickinson and Hatherton,

1967).

' , o. . - -. _. f , . _ @
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POLEOF POLEOF
ROTATION SPREADING

,' \

Figure Z. FromHeirtzler (1968).

The abgetlce of deep crenches and of volcanism along the Atlantic margins

suggests that here the spreading sea floors are pushing continental z_asses

ahead of them without immediate destruction of crust at the continenta| borders.

If this is so, the spreading of the sea floor at the Mid-Atlantic ridge must

involve crustal shortening in some distant part of the worlO. Indeed, the

tong-distance effects of earth xrLovements are becoming recognized as an Im-

portant aspect of global tectonics. A reinterpretation of seismic records

suggests that crustal blocks are affected for thousands rather th_n only tens

or hundreds of miles from earthquake eplcente,rs. This view places indlvidu-

al earthquakes as events of global rather than local significance and validates

the search for succeeding crustal movements halfway around the vporld (Press,

1965).

,_;_,rt . .-

t
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A striking correlation has recently been disq _)_.¢re,I b,twecn the oct=ur-

fence of major earthquakes (Richter magnitude (:,_'_ _ _,) _d t hattgcs in the

Chandler wobble of the earth's _xis of rotation. H_,).._r#,,_._ __,','Sn_¥1ie and

Mansinha (1968), this correlation clearly suggcsls a t a)_s_! relationship be-

tween earth movements and minor variations in the c,_rth's re{allen system.

The precession and wobble of the earth have also been credited with

changes in the earth)s magnetic field (Malkus, 1968) and with 1.',rge-scale

variations in climate accompanied by faunal extinctions. New observations
o ,

tend to confirm the 30=year old, and formerly discredited, theory of

Milankov£tch that glacial periods are controlled by the insolation pattern re-

suiting from precession (Broecker, Thurber, Goddard, Ku, Matthews, and

Mesolella, 1968).

These new data and interpreLations imply a geological/geophysical syn=

thesis in which planetary diastrophism and the fluctuations of the geomagnetic

field and of the earth(s climate are seen as interrelated and governed_ uiti-

Inately, by the dynamics of the earthts rotation.

2,. _- Geochr0nologicai Results

In the past, one of the more effective criticisms of the continentaA-drift

hypothesis as proposed by Wegener and DuToit was that it treated the

Cretaceous-Tertiary'continental breakup as unique and so accounted for only

the latest episode of crustal d_formatlon and orogeny among the many recog-

nized in the geological record. In recent years, J. Tuzo Wilson has postu.

fated the repeated Opening and closing of the Atlantic Ocean and the move-

ment of other continental masses in varlit:r geological periods. Recently,

however, the results of an exter_sive program _f dating of continental rocks

by the K-Ar and the Sr-Rb methods have pcr_ra)lud l_rof. P. M. tlurley and

his coworkers that the breakup of continc_Hal n_,s, ittitta)ed abort! _00

million years ago, was indeed a unique ev,:_,! shd llmt there w_S _)o "prc-_ir|ft

drift '( (Hurley and Rand, 196H).

10



Radiation-age clata on sarnples of basement rock are now available for

about 68% of the continental area. These data indicate that the total extent of

sialic crust was much smaller in the Precambrian and that the evolution of

new crustal material has since been occurring at an accelerating rate:

45, 000 m 2 per.million years, 2,000 million years ago, to 120,000 m 2 per

million years in recent earth history (Hurley and Rand, 1q68).

When the Precambrian terrains are plotted on pre-Cretaceous-drift re-

construction maps, they tend to coalesce into two large shi_ .ds of ancient

rock bordered and embayed by belts of younger materials. This pattern

seems an unlikely one if the Precambrian sialic masses originated and grew

as several independez,t nucleii and then drifted together before the Jurassic

period. It is Hurleyls conclusion, therefore, that the ancient siali£ crust

formed and remained as two large, growing massifs until the Mesozoic,

when some fundamental change in the earthts internal dynamics triggered

continental drift. Tests are under way to determine how well paleomagnetic

data support the details of this interpretation. Meanwhile, Alexander DuToit_s

postulated continents of Gondwanaland and Laur_ Ria are revived or confirmed

by the latest results from geochronology.

_hic Matchin_nclinal Basins: Brazil-Gabon

New data on the stratigraphy of the Propria geosyncline in Sergipe,

Brazil, show a strong correlation with those on a geosyncline in Gabon, West

Africa (Allard, Gilles, and Hurst, 1969). These two structural basins, now

truncated by the Atlantic coastlines, appear as one unit striking Northwest-

Southeast on the pre-Cretaceous reconstruction map of Bullard, Everett,

and Smith (1965, Figure 3). In both structural basins, Jurassic rocks lle

directly upon late Precambrian,formations of similar lithology and metamor-

phic grade. The whole Paleozoic and early Mesozoic sections are missing.

The Lower Cretaceous sections share similar sequences of nonmarine for-

rnations, similar hydrocarbon occurrences, several identical species of

fossil fish, and 30 identical species of ostracods. I_ each basi,_, the Upper

Cretaceous begins with a salt deposit that apparently marks the first

II

t .j
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appl.aral_, ,. ,,_ _ .................... ; ,!_ .... ,,a,.,! _,f e.ither 6,_rgipe or

Gat_,m. 'I'h,. , ,,.,_. _............... ,,-,i.'. v!,_t lh,, basins originated as one

lan¢lh_._t,,j :_tr,i, f_, ._,.l ,........... ! _,. _t_' tl_,_ _J_[-(;rt, taL'oous, when rifting

...... "A',CA i- I '°'" °" '""'*'-

L,_, _ "_ _

Figure 5A. Locatio,t map of Cretaceous sedimentary basins in Sergipe,
Brazil, and Gabon, West Africa. 3B. Map of the continental
margins as reconstructed by Bullard et al.(t965). Heavy solid

!ine represents the location and trend"oT_he Propria geosyncline
xn Brazil and its extension in Gabon; the jagged line follows the
strike of mylonite zones in Brazil and the Cameroons; the dashed
line locates a geochronological boundary within tht. Precambrian
established by Hurley et a1.(1967). (FromAllarfl and Hurst, 1969.)

Z. 4 Conclusion

The weight of newly collected evidence supports the conclusion that

crustal units are in motion at rates of 1 to 10 cm per year. Instrumental

measurements of continental drift should, therefore, be fruitful. When the

time comes to select sites for measurement, abundant geological information

will be available for delineatin_ the most active crustal zones.

12
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3. OPERATIONAl, CONSIDERATIONS AND INSTRUMENTATION .......

Stanh,y Ross and Richard D. Michelini t

q

3. 1 Test Plan
I

The initial test plan is intended to cow. r the period from July Iq69 to

July 1970. We emphasize that the facilities named below represent our best

choices for implementing the program at this time but that, beyond purely

exploratory discussions that we have held with them, no commitments have

been made on their part or on the part of SAO for the use of the facilities.

Pending the approval of the plan discussed in this report, SAO will move to

establish formally such commitments with the cognizant authorities at these

places.

Three major groups of experiment tasks are envisioned:

A) Task 1 is a precursor experiment to be conducted at L band over tt_e

short (8-mi) baseline between Haystack and Agassiz, using independent clocks

at both stations. The goals of tl-.isexperiment are to check out the Agassiz

VLBI rt.ct.lx;n:-and recording equipment and to acquire some degree of

facilitF in the procedures involved in obtaining VLB fringes. This test has

sew, ral favorabh, features to recommend it as a "learning" experiment"

-- tlaystack personnel have already conducted a nun_ber of VLBI

experiments, _-,,,_ their participation in atarting this program

would be valuabl_, to SAO.

--All the necessary equipment will be available at both sites for

the tt, st.

- Sint_ , both antt.nna sites art, within the Greater Boston area, no

,.xtvnsiv_. travel is required.

13
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-- There already exists an accurate ground survey between refer-

cnce points at Agassiz and Haystack This baseline can be used

as a check against which to compare distance and directional

information derived from the interferorn_,ter fringes.

B) Task 2 involves a series of tests at C band using the transcontinental

baseline from Agassiz to the Owens Val!ey Radio Observatory (OVRO).

Existing United States Coast and Geodetic Survey (USC& CS) surveys, com-

bined with existing satellitedata, arc, capable of tying Agassiz to OVRO via

Edwhrds AFB or Goldstone to an accuracy of about I0 m, so that it should be

possible to compare transcontinental baseline length and direction obtained

by both methods to a significant degree of accuracy: about 50 m in bas_'line-

h,ngth uncertainty is anticipated.

The 130-ft antenna at OVRO is mounted on four wheel-trucks that rest on

• a 250-ft east-west section of rails. It should be possible to move the antenna

by measured amounts and then attempt to confirm thi_ in£ormation by recover-

ing the amount and direction of displacement from the fringe-derived data.

The degree of agreement will give an indication of the sensitivity of the

interferomete r.

C) The Task 3 series has as its primary goal the acquisition of fringes

from an artificialsourer, - in p_rticular, the S-band transpond,'r frum on,, .,,

the Pioneer series space pro,hi,s-and the comparison of bast,line pa :ameters

obtained from this method against those already established in T_sk 2 both

by ground/satellite surveys and by VLB! with natural radio s .',,ces. Perhaps

most important, itwill help us to understand sonic of the design and opera-

tional problems involved in satellite interferometry and thel. y lend more

strength to a study of design requlJements for a satellite-berry'"interferom-

cter source.

An Agassiz-Goldstone link is to be considered. This interferomete. _

would be operated at S band because of Goldstone's commitme,tt to the NASA

Unified S-Band system. We have discussed with NASA the po_sihilitT of

SAO's borrowing S-band receiving equipment; from these di_,cussions, it"

appears lik_'lythat the equipmt.nt will be made available to SAO as net ded.

14
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rhe Agassiz-Goldstone link itselfn_ight even be established during

Task 2. Involvement in the "t'ask2 transct_ntinental experiment wou',d serve to

establish the Agassiz-Gold._t.one baseline for Task 3.

3.2 Principa[ Sourc¢.s of Error q

Wt, anticipat,, achit.ving an accuracy c,f 50 m in baseline length and

abouL i0 _trad in baseline-to-star direction (both figures art, order of magni-

tudt,).

Baseline paramett:rs and stellar positions can be determined to an

order of accuracy that is rt'lated to the size of the errors in the observables

through the fundamental r_*lationship
!

>

xa = D. , ¢I)

where \ is the waw-length, A_ is the phase difference in cycles, D is the

baseline, vector, and S denotes th, _ st_qlar position. Differentiating, ,w.

find

2>

_ .

Wh¢,ta the baseline is perpendicular to the stellar-position vector, then

. _ = 0. Fquation (d) shows that for this configuration the intericrometer
>

is insensitiw" t,J baseline-length errors; that is, >cD. _ = _D D. _= 0. This ,

is t'ertainly chv cast,, since wit}. such a configuration, t.ach wavefront is

recei','ed simultaneously at both stations, irrespective of the baseline length.

>
When th¢, bas_.line is paralhl to the stellar-position vector, D . _ = 1.

, > > _ > A
7I..hcn D • ES = tl, sinct t S • S -- 0. Thus, from equation (2), the n_ort, nearly

•._, the I¢'sssensitiv_ is tht,int_.rferometer to errors in baseline-D paralh.ls

sotlr¢-t, dirt, ction.

15
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Expressed qualitatively, this refers to the fact that ifthe baseline

pointed directly toward the radio source, then any differentially small rela-

tive rotation (Figure 4) would cause the stations to move largely along the

wavefronts on which A_b is constant; that is, eA_b = 0.

I 1 WAVE FRONTS

£igur,. 4. l',a_, l,lt: (11) t_,,ildtnp t,ward source.

Equation (Z) can bt. r_,_vrittvr_ a_

> > (3a)
tEAt = _D" _ _ D. t S

or

(3b)

C(At': CD cos 0 - De S sin 0 ,

wher," ,' .,quals the speed of light.

Significant timing _.rrors art. dut' t,,three principal causes:

-- clock epoch-alignment _.rrors at the two stations,

- long-term phase instabilities in tht. atomic standards° and

-bandwidth (or pulse-rate) limitations uf the VI.B1 recording _.quipment
at the stations.
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!
An epoch-alignment error causes -m. Llock t_,run late relative to the other.

The signal then appears to bt rett.iw.d slightly earlier at that station than it

normally should be. This is id,.nticalto the eff_.ctproduced by a slightly

different baseline configuration, b:quation (3b) shows that for the limiting

cast, 0 = 0, an cat in relative clock t,rror produc,,san t.ffectcomparable to q

a change in baseline h.ngth of teat: for ]0[ = n/2, the t.ffect is comparable

tu a baseline-directlon change of c_ xt/D. Th_ts, ft_r tht.sc, itt_titing cases,

a l-_tsec epoch error is equival,'nt to a changt, tJf about 300 m in baseline

length, or ± 300/D rad in baseline dir_.ction relatiw' to the source..

The epoch error is constant with respect to time and can be treated as

another unknox_ to bt.derived in terms of the observables by extending th,,

observation scheduh.. Such a possibility has already been noted by several

authors. In practict., of course, it is necessary to set the epochs clost'

enough togt,ther so that fringes can be found without an undue an_ount ot
/

searching through the records: generally, an offset of I0 "° sec or better

will suffice to produce fringes readily.

Over sufficiently long observation periods, -phase instabilities in the

at_,nlic standards will also produce significant timing errors. Both rubidium-

vapor and hydrogen-maser instruments have been considered for use in the

VLBI experiments, l,_ecentdata (Cutler and Vessot, 1968) indicate that itis

rt.asonable to adopt a s_abilityfigure of one part in I012 for the long-term

pt.rformance of rubidium-vapor standards; hydrogen masers are about I. 5

to 2 orders mort. accurate {Figure 5). Over a fullday, then, the maximum

accumulatt, d tirT_,,error with a rubidium standard can be expected to amount
-7

to I0 sec, which, from equation (3b), corresponds to an uncertainty of

30 m or nlore in baseline length, or ± 30/D rad in baseline direction.

A sufficiently high signal-to-noise ratio is required to achieve an

acceptable dL.gree of time resolution with the single-window, bandwidth-

limitt.d data channel planned for the measurements. The tirne resolution of

17
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tht'sv_.t_,,tltcan b_,t,_pr,s_)_,(li. t;,r|l,t_q)ith(.bandwidth and signal=to°hoist.

{p()wt.r)rati(,,_s_

! I
..... (_)

',vht'vt' t' is th(" lltllllbt'r ()f indt,l#t.n(h,nl t)|Jb*'l'Vitll,d)6, 111 t_,rlns of t.quation

(_t))) a 51}-I_1 accurat'y ',viii roquirt, t_t It, I .... q.i:,l ,,.tlhitl ah()ut 0. 15 ta.s(,(:.

I.')'_)))_ _,(luati()l_ (4)) tht.n) tht, r,,(it|ir_,(I valuv ,,t S.r,_d )._, a|),)ut _q f4,,. a singl(..

ot)nt,rvation with a 1._ MI[z bandx_idlh, aud Lq/'.'v l_,r t, t l).,;(.rvations

! ..... 1"......... _ ......... _ ......... I T"- "-]

)

1

1-', I

•t 1
L.e _,'* !

_ .

,''i J

()

re)
tl

' I'" IC '7 I_ '_ IC'4 '_

OB._ERVvNG 1")ME 1", ',;ECOND_

I:igur_, _. Pliant, dt, parturt, vs. :_bst. rvirlg tilter'.

This assumt_s that tht. energy is constant or'ross th,, spectral bandwidth
(cf. Skolnlk, 1q62).

18
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W

Till. _i_l.'Ip:ll-lf,-l_l.',4' rali_ l,_r a p,'l:r _I ant_.nnas x and y can be expressed

;i: ........<,-
(r',w). r , (s)

,,,ht, rc I i._ tt_, anl, nna t, t_,p_.r,,.lur, , I is the' system temperature, and "r,.1 s

l_ lJ,,- lnt,.-:r,_tl,,n _ttt,, Y',,,-, I is , ...pr,.ssibl_' (cf. Nraus, l_mt_) as
d

;4 A!! t,

"It.l t._ •

_t,,.r,' _(_ i', !i, .._,_. t'.,_ ..... .. _.,,x ,!,w,_l- ,..xprvs_ed in w/m 2 cp,%
A is

th, ,'!f_.__l_:, ._nl, r,,,,, .,.:, ,_ _,. ,:m! , ,_ i',,,!l_trt,.,nn's constai_t (I. 38 :" 10_23e

Ic,tlh/':} ). _i,,_.'_..,., t_ .... _.::._ _, t,::.._ .._t.,tl_,,t_,n [5) antl rearrantaing

• " .,, ,_ t _-_ (in t,_,t,*r:s at the,

I _,:_.',I; .:! t' ) _, _tf, " _" _....... v, ,* .... ,,I .... _I_I_. ,l, 11.';11"<It'_ |hi' physital

!,, r,,,:,_:,_ .... _ ,, _. t, ,' .._. :; - _i-, _, ;, _t_.t., _l',,I tt._ ill-i|l'l.ltltt'rltal:ioPl

,*"i.4'",, ,i I.,. ,, . _ ,, ; "_',' , ! _!_t,l_ _.s ,ts_allv al_propriatt' for

VI_I_I ,,trl,l_,!l ...... ! :,,,,_ ........ . _!, _.,1,_. _ -!;", 2_,, and I._W= 1.,2. :" 10t_

;.i ............. ' .... _ ,! llll_. _',1t1|. _,
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ranR_ oi typi_'al anh.n,ii uffi_i_.n_'i_._, pl,tted as a function of operating

freqo_.ncy0 i_ _t_owfl an F_ig_lr_ ' i, G,._s_l_-tri¢_al area multiplied try efficiency

( yi_,lds tlw q.[ll,t,|iw ° ap_.rhirt, art.a. To obtain an estimate, of the, minimum
ap

sour_'_, airy.Rib r,.qtiir4.¢l f,_r tll_. I_.asur_.mc, nts, let us choose a pessimistic

value of ( _ (L _. al_¢l ad4,p! a yah., of }0 m as being r_-presentative of the
ap

geometrical (itlii_lqni_m tJl" [l.. ant_.nnaa to be used in th(, expevir,_ents. Then,

D • D _ 2(|0. 1._.t 11_1als¢_ ad,,pt a valu_ uf T = 250 _ K as (conservatiw.ly)x y s

charact(.rizing the _yst_.ms tu h,. ,_sod; S O assum_.8 a value of about 13 flux
units.

I. I I I I ', ,I I I , ,,

FREQUENCYGHI

Figure. 6. Rang,, of typi(a! alit(,nna ,,ffici,.nci_,s vs. fr_,qu_:ncy.

• = 41)0, and
Now, und,.r .l(,r,. ,)pfi,.iati," assuntption0, with D x Dy

T s = 165°K. Sl) afiSUlil,'M a viilu,' of about 4. W,. {'¢.,c'hi(i,,. th,,n, that at,urt-e

otr(.ngths of ,,rch, r _ I,) Ill Ill_x .nits ati,,.Id s.fl. ,. I,,r lli¢,astlrt, lil¢,nt
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accuracies of 5fJ nl with tht. systems discusscd in this report. 'rhus0 finding

approprtatq, sources does net appear to be a very serious problem at this

stag,., anti th,, matter b,.t:on_cs primarily ont. of choosing stars that art.

llt,,_t fav,_rably positiont.d relative to tht, adoptt,d baselines. The problem of

-ptit,lizing the, t huivv (_f stellar-sourer, pusition will bt. studied durit,g tht,

nt'>:t pllast' (d" _ork.

In summary, then, the grt_atest unct. rtainty in timing app_,ars to bc due

to vpoch misaiignnlent errors; howoverj those can be compensated for.

Ltmg-te rm phase instabilitit.s and recording-bandwidth limitations shoul(!

c(mtributc an unct, rtainty of not more than about 50 rrt° and this figure might

I,. rvducible somewhat by t.xercit, t, of duc care.

The antenna surw.y conc_,ntr_t,.d on sitt.s whost, locations and operational

L'unditions favorvd tht. goals of tht. experimental n_easurement program.

Four criteria wt, rt. adopted to guido the sit(' survey, We looked for

insta!latitms at which thvrt, would b(, the following:

A) iivlatively lihoral availability of the equipmt, nt over the extended

pt. ri:_d8 ,f timv nevt, ssary tcJ ('arry out the program.

B) Antenna sihs wheat, distanccs and directions from one another are

h n.wn (-r ,%_ ,,.asil_ he dt.tern_int.d) to an order of accuracy commensuratt.

wtth tht. svn,itivity ,f the intt:rferonlt.ter system to be enlploycd.

C) M,.vt.abl¢ antennas on rails or two or more antennas located near

t_nt. dntRht, r. B' a moveable antenna formed one terminal of an interferomet,,,_

tht.n wt, vouhl use it at two or more positions and attempt to confirm the

mvasurcd ('hangt'8 in dista'ncc and dii'ection by recovering this sDdrllt' informa-

tion front tht. fring(, data. Similarly, if each of a group of two or more

closely spact.(I antennas in turn formed an interferometer terminal, attempts

coulfl alstJ b_'_ made to copfirm the relative distance vectors I)ctwt,t.n them by

t,lt.alltt t_f frltlga, data.
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D) An active interest on the part of the staff of the installation in

participating in a geodl, tically oriented observation program.

After some preliminary investigation, ,vv reduced the list of possibilities

t,f fist. installationt;: Agassiz Station (tlCO-SAO), tlaystack (M!T-l.incoln Lab),

OVRO (Cal. T,'ch.), Goldston,. (JPL-NASA), and Ver,nilion River Observa-

tc)ry (Univt, rsity of Illinois). Tabh. l aunmlarizt.s some important charac-

t_.ristics of the.so faciliti_.s.

, Agassiz (Figure 7a) sea.ms to be. the most dosirabh, facility. J,)intly

adn_inisterod by HCO and SAO, it is very readily availablt, for the. propt,st.d

progrant. Schedule complications appear to be minimal, w_lich gives a

great degree of flexibility to the program. Agassiz is also attract|w: bt.t'aust.

it is near SAO headquarters. Present receivillg equipment is L band, but a

C-band front-end on order will be a_:ailable in time for u_e in tilt, propost, d

program. At C bat,d, the effectiv,, antenna diameter is e :petted to be about

_ 34 ft. Performance of the pedestal drive is marginal but adequate for the
!-_. present, if care is taken to use the antenna under relatively quiescent
J

_:_ conditions.

i _{! At OVkO, there art. thr_.e large antennas, all on rail_: a pair of 90-ft

dishes, and a new one of 1 30oft diameter (Figure 7b). TI,_ former two art,

set on an L-shaped configuration of track, north-south at,! east-west, each

le|, ,xt_.nding 1600 ft. The 130-ft antenna is currently po. itioned on an east-

west s_.ction of rail that ¢.xtends about 250 ft. While the 90-ft disi'es can

be placed only at a mm_ber of discrete locations along each section of track,

_-_. _., tht: 130-ft antenna can be positioned anywhere along its track. Cal. Tech, in-
g.,_

°"_ tends to t_xtcnd the latter system ui rails to a cruciform configuration having

,"*_i a 16,000-ft north-south leg bisecting a 9_ 000-ft east-west leg.

,0_7',_$_ A first-order triangulation chain passes through Ow(.ns Valley (Lambeck,

_,_ 19{,9), and the connection of the antennas into this net should be a minor task.

_::,, F rt,c_, USC&GS data, the relative accuracy of the triangulation in the vicinity

....";.* or both OVRO and Agassiz is estimated to be about 10 m in horizontal position
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_pF _W

a) Agassiz Station (Harvard-SAO) b) Owens ValLey Radio Observatory
(Cal-Tech}

c) Haystack {MIT-Lincoln Lab} d} Goldstone (JPL-NA_A}

Fig. 7. Antennas,

Z4
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and better than 5 m in elevation above the reference ellipsoid. Thus, the

two sites can be connected via the survey with an accuracy that is compara-

ble to that obtained between cameras 911 3 (Edwards A.F. Baker-Nunn) and

g050 (Agassiz modified K-50) in the preliminary combination results of the

dyna_lic, geometric, and Jet Propulsion Laboratory (JPL) data.

The, Haystack Facility (Figure 7c) is of inWrest as a terminal in a pre-

liminary experiment with Agassi= that could be _Ised both to calibrate the

Agassiz e¢luipment and to permit SAO personnel to familiarize themselves

with the operational procedures involved in operating a VLB interferomett.r.

The prior utilization of this antenna tor VLB work and the experience of

Haystack personnel in this regard have already been noted. On the other

hand, Haystack receiving equipment is limited to operation at L band and

X band only, and the facility is not freely available on a regular basis, owin_

to its heavy schedule.

Goldstone has four 85-ft dishes and a fifthof Zl 0-ft dianteter, a|l

operating at S band. Of ti_eformer four_ two are equipped with p_,I._i,,-unts,

one with an azimuth-elevation, and one with x*y. The, azimuti_-_,h.vali,_n

instrument (Figure 7d) is the only one used for reseal;ch*._nd-dt.w,lopment

work, the others being dedicated to flight-project applications. Goldstone

is one of the sites from which Pioneer satellites are tracked, which is

advantageous from the point of view of satellite-source inLerferometry {see

Section 3.4). A Goldstone-Canberra VLB link using Pioneer 8 was achiew, d

last year and was reported in the SAO Phase-I Report on Continental Drift.

Goldstone can also be linked to Agassiz via existing ground and sat,:llite

surveys to about 10 m.

The University of Illinois antenna is currently under construction at

VRO in Danville, Illinois, It will be of l;_0-/tdiameter, on rails, and equa-

torially mounted. Pro[. George Swenson, under whose direction the construe*

tion is proceeding, is personally very much interested in participating in a

joint SAO-VRO program of geodetic measurements. Consequently, the

antenna shc, uld be readily evailable to us. The largest drawbaci-s seem to
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be in the uncertainty of the construction timetable, which makes it difficult

at present to establish a specific experiment schedule, and in the antenna

design, which may make it unsuitable for work at wavelengths shorter than

12 cm.

3.4 Artificial Radio Sources

Successful operation of a Goldstont,-Canbt. rra VLB interft, ronaeter using

the S-band transpondt.r on Pioneer 8 was noted in the Phase-I Report for the

Continental-Drift Study. We invt.stigatcd the possibility of using this satellite

or another suitable one for a similar experiment. Three candidates were

found: Pioneers 8, _l, and 10, The first two are currently in orbit, and the

last is to be launched in June of this year, all in heliocentric orbits of about

1 a.u. The transponders operate continuously at a frequency of 2292 MHz;

the signals are linearly polarized. Pioneer 8 was launched December 1967

into an orbit of 1. 1 a.u. aphelion, and it now trails the earth somewhat.

Pioneer 9 was launched Novembt_r 1968 slightly inside the earth's orbit arid

is leading the earth. Signals fronl both probes are still being monitored;

input powt, r levels of -160 dbm from Pioneer 8 and -150 dbm from _ioneer 9

have most recently been measured at the 85-ft Pioneer dish at Goldstone,

according to the Pioneer project office at NASA/Ames.

Pioneer 10 should be the most attractive of tht, three _.f it reaches its

planned orbit, which will be almost identical to that of the earth. There

should be a thane,, of tracking it for up to 12 hr per clay, from horizon to

horizon.

We also investigated the ATS synchronous satellites in orbit. Only

ATS 1 and ATS 3 are viewable from the continental United States. THe

former is situated at a longitude of 150"W; ATS 3 is moved at various times

bt.twe,'n 47* and 90*W al, d is jointly viewable from Mojave and Rosman

Stations. One major drawback is that the transmitter frequency of 4 GI-lz

does not match the receivers available at the sites under consideration for )

the experiment program. No suitable ATS satellites are planned for the

near future.
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3. 5 InstrumL.ntation

The selection of radio-teh, scope sit(is tt, carry uut ti, t, sliort- and l,,D_-

baseline experiments will in pa.'t depund on tilt. availability _)f instrunlt, nt:t-

tion. Givt, n a numbt, r of sitt.s of suitabh, geographical lot:at|on, t, ach t.quiplt,d

with antennas that can be used to define tht. bast, lint, distanct., the quantity of

irlstrumentation tl:at n_tist be provided by the experin_t'nt,'r i_as been a strong

consideration in selt,cting an economical bast'line. Incluch'd in tht, list of

instrumentation are the tt, rP._inal antenna; the radiometurj or so-calh.d front-

t.nd; the data-frequuncy conditioning and recording t, quipn_ent, or bacl,-end;

and the timing and frequency-control subsystems.

A principal requirt,mt,nt on each possiblt' st'toi baseline antennas has

been a nloderately high signal-to-noise ratio• This is necessary to permit i

lsufficient time resoluti,m with tht, single-window, bandwidth-lin_itt, d data

_:hann(.l plann¢,d for bast.lint, n_t.astlrontents. Acceptable titllt, resolution •

_as shown to be achiex'abh, in St.ction 3 with S/N _ Z5. Equation (5} showed

tilt, signal-to-noise rati_ for a bast, lint, pair of antennas x and y to he of tht,

fo rn_

S _! (T_}x ('ra)• y

x_ht, rt, 'l" is tht, antt.nna tempt, raturt,, T is the sy,_tem tt,mv_erature, antia s

_" is thv intt.gration tiller,.

Tats!t, 2 shows rvprt,st,ntativu valut,s uf S/N calculated for the srw,ral

t, xpt'rinlental bast.lines. "rhest, va;tt_,s are based on an integration ti,nit* of

100 |,jr,t, and a bandwidth of I. Z Mltz, 'the source str,,ngths used are

rt.presentative of nlodt, rately strong nonre$olvable sources: they rangt, frotl_

14 fb_x units of !. 6 Gilz to 3 flux traits at 5 GHz. Worst-case antenna _,ffi*

ciencit.s shown in l_igurt ' ', wore used in making the calculations. T|l,,.st.

? 7
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_ _ _,q

tabulatt.(' valuev indicate tbat the desired tin_e-dt, lay rt._oluti_n _:an be

attaim,d with suitable margins allowed ftDr instrutn_.ntation ,.flh.ctn. l.;ven

with ttw con_bination of a relatively small anl,.nna and high-lt.ml,eratur_'

receivers, aS/N ratio of greater than 10 is pt_ssihl_..

In practice, the Agassiz-Haystack baseline will pr_Ambly operate at

l.b GHz so as to accommodate availablt, receivt'rs; howev_'r, tht,Agassiz-

OVRO baseline will be used at 5 Grlz, since instrun_entation will h,.available

. at botia sites for this frequt.ncy, and higher accuracy rt, sults art, rt.quire(l.

3. 5. I Antt, nna-st,h.ction criteria

Discussions with the resident staffs of several observatorit, s have been

held durint, Phast II of this study to htlp selt.ct appropriate terminal sites.

Tht. 1 30-ft r,.fh,ttor at OVI,_O (Rule and Gays,r, 1Sb8) is o'xpech'd to give

good surface, t.t_nfornaance (within i (). 1 _,) at _¢avtrh, ngths down to q cm (the

rangt, fr_Jn_ 1 tot, Gllz) Final surface atljustnat.tlts may permit operation

down to 2 t(, _ cm. "Fiat, larg_, antel;na will hart. about a 6. q-nain beamwidth

at C band, anti tht. p.inting accuracs, will be a highly precise 20 arcsec.

Sin_ilar rt quiremel_ts are t,asily met or surpassed by the IZ0-ft

tlaystack dish and by several disht, s at Goldstone and other NASA stations.

The 84-tt Agassiz dish has a surface accurate enough to provide toh, rable

aperture and beam efficienciea up to C-band frequencies. The previous

limitation of pointing stability under wind l¢_ading will be removed by modify-

ing the mount to hohl a st.tting xvithiu _ arcmin in winds of 25 naph. The dish

is equatorially mounted.

3. 5.2 Front-end requirements

The Agassiz tt, rminal requires a C-band radiometer system roughly

similar to tlmt depicted in Figure" 8. The basic components are r',," antenna

fet.¢l_ par_mt.tric amplifier, IF" ct_nvertt'rs and anaplifiers, and assoc!ated

29
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The. data-proc_._kng t_.chniqu_, t- he li,J,.d iN b_:,.d on wide-bandwidth

digital r,.c,rdin_ at th,.. antenna sit,.e, _.ith playbacl., ¢r,Jse ,'-rrclation, and

fringe-phase pr_c',._sing p_,rtur,n_,.d at SAO in Can,bridg,.. Figure 9 shows

th,' pr(,c¢.ssing _yst,.,=, will, a _p,.= =al-purp,_n,. , r,,_-,,,rr,,latr_r to provide

high-sp=.cd c_srrq.lali,,n **f it,. Kit," r,-t',)rd=ny==.

A sanipi:.d-,lata, ,ligilal-r,.t.-rding l_.vhniqu,, (l(,gt. rs, i968; M-ran,

i968) is l)r_p-s,-d f¢,r lh," g,.n,.r_iti(J,1 (Ji d,'la_ ia,appnng duta. This method is

prcfcrabh, tu anal,Jg vid,.,_ r_.¢_Jr_hng with analog ('-rr_.latl,,n (Yt.n, 1968)

b,'c_aus_ • it p_-rl_t_, _=l_ h , _si_.r tiillt, synchr_mization of th(. r_,(:,.rdings and i_

I|t¢)r¢' c,)nq_atibl,, wilt, _,,-ut ,._isting VLB[ terminals. With anal,)g syst,.nls,

1)rc('is,. ti,_t,,-ba,, ¢,,ntr,,l ,,f th,. vi,h.o r¢'cord*'rs is v,'ry difficult to achi_,v,.,

ev,.n with,'xp,.nsi_,., hivh-quality quadrature rec¢)rdcrn. Bandwidths up to

I.Z Mll_ _r,, ,btaiiiahl,. _i,h th,' i)r_p*)s*'ddigital r,,cordt, rs, and whil,, this

is sonie'.vl,,_t b,.l,,_v the. ll_¢illt_ll)i handwidth that can bc achievt.d with vid,,_=

rt.cording, ,._t,._i_=_n t,_ hi_h,,r handwidth_ _hould b,. l'e_sibh, witl_ digital

rt.cord,.r_ that will _,oil I=,, availabl,,, lh,. pr,,cis,, fr,,qu,.ncy standard_

nc_,ded for ind,,p,.nd,.nt-¢'l,=cl_ intt.rf,,r.n,,'try tan ,,_t_ily _tii_ply th,, tin_,,-bat_,,

stability rt, qtiirt.d f,_r the. data digitizing.

The U_' (=[ a _l_,'c'ial-lmrp, m,'-*lzam,,'l digital c.rr,,|ator per===its large

quantiti,,s .d data (up t,, I O9 bit_ p,,r ob_,.rvatin_, p,.ri,nl) t,_ be r,,duc,,d

with(mr r,,¢iuirlng in,pra_ti_:aily I_ng p,.riu(ls _l' pr_w,.s_ing tin_. on a gcneral-

purp,s,, c_ltl|}ttt(' r.

The VL.BI datao=,.¢,_r¢ling ha, I<-=.nd (l.'igur,. I0) rec,,iv,., a signal ,l,,rtved

frt_m an int¢,rm='diat,' IF _tage and c_mv,.rt_ it ant- a filt=,rt.d vidt.o _ignal,

with a bandwidth ,d appr_xtt_at_,ly I MIl_, This signal is =:lAppt:d a_,l _smpIcd

at a Z-Mllz rate dcr._ved fr_,=,, the tmling systcn,, l'hc digital data ar_. then

shift_.d into a ntm,-tra(_k digital r_.cor(l(.r, Various editorial formating t_

syr=chrowmsly d(m,. in th,. f,sr=r, ()f r(,cord gaps and talcs-drive, lignal=, Time-

synchronizati,m data ¢;ai_ also) I)e plac,,d on the tape r,:cords. Identical

recording syatell_ at each t,.rn_tnal will hc capable of maintaining synchron-

ization t¢_ within l-bit r,,s,_luti,m. Appropriate c,srr,.ctitms t_ remove alii_$ing
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Figure, I0. VLB data-recording band-end (each terminal).
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vrr-r (fronl the bipolar sampling proc(,ss) and to cornf)ensatt, for the finite

sampl,, siz(, will by applied in the. corrolator. It s}loul(I hi, noted ti_at the

tinling bast, is Iock¢,d tu the santo atottlic-frt,quoncy so.arce that drivt,s the

local osvillators in thv fr_mt-_ nd for the ct_h_,rent conversion of tht, stvllar

radio signals.

M,mt (_f tl,_, _,qulpm_,nt precodlnp tht, ¢li_ital-talw transp,,:'t shown in

t.'igurt, 10 can h_, ,,asily fahricat_,d fron_ c.tlltt_v rcial digital ploduh, s. To

permit c,xpl.ratory VLBI work to b(,gin at minin_un; cost, w_, int_,nd to rvnt

tht, r_,lativ,,ly t.xpvnsiw, digital recotd_.rs; wu can th,,n mor_, t,asily takt.

advantage, of future improvt, ments in practical rvct_rding ratvs.

Ont, possibility is to x_st,as a ('orrt,latcra sp(,ciallyprogramn_ed version

of tho If3 procossor now btin_ constructed by IICO-SAO under the Radio

M(,tvur Proj_,Ct (Schaffnor."lq6"6). This'on.line processor will perform up

t- ItJdrlays ov_,r a sanlpling intorval and provide single*bit correlation

pr-ducts at ratos up to 2. 5 MHz. Up to four accumulations can bt:executed

in l_.tralh.l, l'h_,uso of this procossor will roduce by a factor of 5 or 6 the

_9.n,,ral-l._urposo ctmq)utt.r timv nt,eded for the project. More advanced

t, r.i,,.a ,,I this proct, ssor will also be able to transform by fast Fourit, r

,tvt,;|$'.i."i tilt' _ _3rrvlation outputs and to computt, directly tht. corrt, ctt, d delay

,J_,, _, '_ ttl.,ttt l ho nt.cessity of using a St, ne ralo purpose compute r.

i, ,_. ,I rtttting and frequency control

!,;at.h station r_.quires an indcptndent frequency source of the highest

quality availablv. We plan to install a currently available rubiditm_-vapor

fr_,qu_,ntv sourer, (vttl_,r a GTC M.d_.l 304B or 307B) at the western terminus

_t th,, l-ng vast-west baseline. Such a source will havo afrequency stability

,,_ .nh..t I part in l0 Iz permitting the initial aspects of the baseline-cunfirma-

ti,,n _,xpvrizt_vnt to be s_,tisfit:d. The substitution of an improved source.0

such as a hydrogt,n masers will result in an immediate increase in resolution

anti pt.rn_it t)bs,.rvations ovt. r pt. riods of st:veral hours.

$
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A Lydrog_,n maser r,_ty be available for the Agassiz facility. If it is

not, a rubidium frequen :y standard similar to that mentioned _bove will be _

installed. Both rubidil_m units are currently available at SAO. At the

Haystack site, a hydrc,genmast.r (VarianModel HI0) is already installed

and acct,ssihle for VI BI applications.

Each station w;il also requir, a m,,ans of setting its clock to some

coordinated time ._candard and maintaining synci_ronization with others. The

maximum allox,._Ic time ,,rror i_,u_!L, such that the two digitized records

can be matched bit by bit. If th,., firs! hi! _f _,ach data stream is synchronized.

succeeding hits will I:._ match_.d wllh,,tlt r_.quiring continuous synchronization.

Therefore, the' re!atiw' time at twcJ stati(Jns must be known to w£thin a fraction

of the reciprocal bandwidth AT. It _hould be noted that initial timing errors

of several micros_,conds art.acct,ptable (Cohen, 1968) since successive esti-

mated delays can be applied to the data to achieve initialsignal detection. If,

however, the time synchronization is equtJ to AT, subsequent data tapes

taken sew, ral hours apart can be correlated without a delay search.

The establishment of this degre, of timing synchronization will permit

traceability to a coordinated time standard [UTC(USNO), for instance] to

within the accu acy required for stellar-position fixes and the solution of

the baseline equations.

The requisite timing precision could be achieved by portable-clock trips

from amaster clock. However, terrestrial radio methods or satellite

transponder transmissions would be a more convenient means of setting the ........

clocks and checking clock drift. Most interferometer systems now use

Loran-C navigation transmissions for time calibrations accurate of ±1 _sec,

using visual cycle selection. Resolution to 0. I btsec is possible if automatic

phase-tracking rec¢ ,,.rs are used (Shapiro, 1968). Such settings would be

coordinafed with th,. UTC (USNO) time scale.

J6
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For terminals such as Agassiz, llaystack, and thost, in the Midwest, a

timing system based on Lorar)-C and por.table-clocl< settings is satisfactory.

Strong ground-wave reception from tilt. Na_tuckt, t and Dana Pt,int slavt .

stations of the East Coast chain makes propagation tmc_,rtainties minimal.

Figure 11 d_.picts such a system using a synchrononwter a- both an accum-

ulator and a synchronous conaparator. A phas,.-track receiver with visual

selection is employcd. 17requent calibration _Jf the tin_ing systenl will be

done by mean_ of portable quartz-crystal cl,_l,s circulating betwet.n the sites

and the SAO master clock in Cambridgt..

Unfortunately, reliable ground-wave rect, ption of Loran-C radio signals

is not possible at some West Coast sites. Consequently, a system of some-

what reduced accuracy, shown in Figure IZ, will be ust, d. Frequent

portable-clock sets with a rubidium clock will be used to hold the station

drift to within 2 or 3 IJsec. This will be reduced to an uncertainty of 1 tasec

_y monitoring VLF station %VWVL, which is extremely predictable diurnally

over short, well-known paths. If possible, this system will also be aug-

mented with a LtJran sky-wave receiver, which is capable of producing

similar accuracy.

Both these, tinling-syst_.m dr, signs art, based on past SAO timing expt. ri-

ence and will utilizt, the, co,_rdinated facilities of the SAO master-clock

station, which was ,,stablished for synchronizing and defining time within the

global SAO satellite-tracking nt, txvork.

37
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Figure lZ. Timing system for _Vost Coast tL,rminal.
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4 CORRECTIONS FOR TROPOSPHERIC AND IONOSPIIERIC EFFECTS

Michael R. Pt, arlman and _._ario D. Grossi

The measurement of the troposph_,ric and ionospheric perturhations that

affect the proposed VLBI observations is a fundamemal step in the attempt

to meet the goals in baseline-length accuracy that are of interest to the

geodesist and that are required for detection of continental drift. The ust

of models to estimate tht, se perturbations is advisable only for the initial

phases of the project when the accuracy goals are still modest.

The ultimate method must be a direct probing (at each terminal of the

VLBI) of the tropot_pher,, and tim ionosphere along tile line of sight of the

VLBI observations. Tilt, probing ntust then be done as nearly simultaneously

as feasible with the VI,BI observations.

If thv ionosphere were the only plasma medium that had to bt, taken into

account, the problem would not appear particularly difficult. Ont. way of

solving it would be to use X-band (}O-GHz) or higher frequencit'a, where

tile ionospht, re is transpart'nt and the related t'orrvction terms ar:- nvgligibh,.

There remain, however, tht, column of electrons anti its gradients in the

interplanetary and interstellar regions between tht, radio star choser_ for t|w

VI..BI observations and eacl_ terminal el the interft, romt,tt.r. Typical cohmmar

d¢,nsities of l020 el/cm 2 ct_aract(,rize these paths, as ,,_,tnpared t¢_ the

i012 el/era 2 of tht, earth's ionosphere. This c'olut_,n introduces both a

r(.fractive 'bias" and random fluctuations in the phase of tht arriving wave

fr_)nt, effects that cannot bt, disregarded even at the X band. Recent

measurements (Antonova and Vitke':ich, ! 968) show that these perturbatiops

are mt.asurable and that tht,y art, characterized by periods of 1 to 1.5 ye._ra.

One wo_tld indeed t.xpect periods of this length when-the motion o! the earth

itt its orbit and the ct:nsequt.nt change in length of the column of electrons

to the radio star are considered.

_9

t*
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For lilt, tropospht.ric _orrt, t:tions, tilt* nlt,,tsurt, tllt, nts ilrt, aloft, tliffi_'ult

anti a continuing rt, st,art:il ,,flort in nt,c,,ssary in orth, r to gt, nt, ratt, a wort, abh,

approacia. During tilt* i'hast,-I! sltttlv |l, rt_gl';lltl, WO t,valuated tilt, possibility

of using ,tttn)sl)i_.,rit" last. r hat'hst'alt(,ring tt) provich, tht, th,nsity profih, of

tilt, troposphcrt, along t ht, dirt, t'titm of ob_t, rvations, llt)wt, vt, r. the Mit*

st:silt'ring frona dust ;t-t-_et_sc_ls _,,,';l, fottnd to bt, tt_tlll)aral)h' to lilt' llayh, igI_

ststir, ring frotl_ thc air ltlolt t'tlh.s, An al_proach using tnulticolor last, r8

with rangt'-th.l)l)h'r-polarizatit,n Illt,ast|rt,lllont tt.t'imiqut, s Wt)ultl lllal_,t' it I)os-

siblt' ill print'iph, to tliacritiiinatt' ,alining tilt. nlillitit,r dt,iit4itit.s o{ l|tt, various

nt'iltt,, r,,rs and it, td)ta lit tl_t' nt'l't|t'(I t t'Ol_Otcl>ht'rit" ctlhllltl'_ar rt, fractivity.

ilt_v't._..t.r, _int't. tilt, instl'ttll_t'ntatictn for tltin alqJl'_at'h is quitt' t'ollll)it'x, w_'

i_1".. Its,king intt) an alto.u..tht'r difft, rt.tlt ont.. Tin, S_'8|t'll| %%'t' art, t°t_nsi(|t*l'ing

it|)|)t'ill'a_ ft,aetiJ)b', avt_ll'idt,, ,tn(I |l, st_ t*xpt,llsi_t,; trill, t_r lltort' halh_t_ns

(pt_wt. rt,d, air-lattnch,.d, ,,v t_*tht, rt,d) t.qnippt,d witit vt_trort'flt'ctt_rt_ wt,uhl lit.

lattnt'ht.d ab,,vt, tht, trtqn_sp|it, rt, l,_ pointt_ It_catt, d alt_ng tht, dirt,t'ti_m tlt tilt'

VI,ltI obt_orvatit)ns, MilXilltnttt ht'ights ,)f al),)_lt 20 I,Ili al)Pt.,lr ln)ssildt'. Tin'

VI,BI tt, rltlinals wt,ttltl tht.n t_t. t, qtt_pi0t.tl with a thvt.t.-frt.qtlt, nt'y rallging sys-

tt'l_ (t_vo la.,tt.rtl and a C-band or X-bitrld rPda_), l,'t*t_in tin, difft, rvntial group

•it.lays thun obtaint,d, tilt. cohininar trt_povptl,.ric n.tfrat'tivity could lit, dt. rivt, d0

inchtding the dry and wet tt, rnn_.

_oluo wt_rl_ has bl.vn dtmt. with similar tltultifr,.qut'nt'y t_,chniqttt, s (Wood

anti l'hot]tpson, 19(,1"I; Owens lind Earnshaw, lqi_8). 'Fill'of invt'stigatt_rs

hart. USl't| lilt' atttlospin'rit: dispt, r_ion to lltvastlrt' directly the t:t, hllltlldr

*ttltlt_tiI;lill, rit rvfrat'tivlty ailing it path i_f inl,,rt, st. l'hvy tlto,a_tlrt, tilt, rt.llHivt,

4',_

:_'_ _:: • .... _ ........ • ....... ,,_,-, _ -,-. .,.... _, -%, ,,,_. _-_ -;
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Sin_,, thL, _'onstituency of {lrv air [._ l,tlr|,,' ul_il't)rlil itltJng ;tn,v ('olmnnar

direction, "he index t)f refracliun of Ihv ,)_r N ir titll hp written in the form

I [ 'Na).r. {k)= I = N a(.R)- I ) U{| ), I) , {I)

where Ng(X) is lh(, refractivity unth, r standard conditions (15 C, 7t,t) t,m_ Iig,

dry air, O. 0_";, C02) and U (t)) 'I') - 1)/1 ' contains the pr(,ssure P and lenq)(,r-

alttr(, 'F information and is accordingly an implicit ftmclion of altitude,. The

path-h, ngth difft, r(,nce h(,lwt, t,n l)eam._ _,l'two waw.lengths X 1 and X> chnravt(,r-

iz_,d l)y group indices of rt.fraclion N)a (kl) imd Ng (k 2) is given hr.

S O

11

where, s is tilt" rang(, alung the p,tth of interest. (Wat(,r vapor w,ll h,. intro-

(luvt.d iitlt, r. } 'I'h_. phas(, delay ;(h)ng a given p;dh lhrtmgh tin' ;Hil,_)npht. l'(.

is lh(,n

) ! " I, = Nai r_k !) - I ds --. .... ..IL. I Ng'(k, N)a(X.i) - ,_ (i.t t.2) 1_)

Assuming a standard attar)splat, tic vtmst iltt,.ll_ _,' (11, 03 ,' (:0)), tilt,

ilidt'x of rt, frat'tioll for dry air is given by th,, t.:til[.ll l()rnull;( {'rili)nll)_t()ll

and Woo(t, lql)5):

[ ] ,,4n (X)- I tO"-- . _,:_.)a,,.l,)8. I_L!4:,;)(i/x):"] )zss.4I,_)) .) (llX)_r_" ))
g _ I)')(,- (II,',) z] [41 (tl),)"l _'

(,l)

41

).
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lhl' alry-alilliJ_llhl, rl, lirlll.lllgatiili_l t'ltl'i',,liil_ll.

l),,viiilil_ll I'It_lil the, .<tiillill,lrll iiil ° i'ltil:ilillil,nl'{, will :ilitthl.l Y ,;litt,_ l th,, dr_-

air ili,,-ili¢,l'._:illli i,_,lali.t_ll._, lllil l,Vl.li wilh t'(,)_, _vhil'li will lii't,ll,llll't lilli'lll!ili_'l,

lht' llil'14_'_l lill_'l'i'l,iiillil'tl, 7i I,i_llli' I_l I l_i" .I ili_'l';,,i,'il' in ll_l,ll l'l_iil_,iil will l_lil.%'

illll'll(lli_ i, ii r,iii,i4iilt.,, i,rt°lil • ill' I liilil ,ll '<',_,niltl ('l'hiiyl, i-, llil._'), l'lil, ,,il,nl-iilivily

i,l I, 1 l, It, v,il'i,llitlli;_ ili I, t -. I . i;i

N (x)-l

f,(l 1, - i,)------I_NIX )'i N_iX,'t _(1,1 1,,) _ 7i ,_,ll,i " i,,),. (',)14 I <"

'l'h_, lii._pi, l'.,lit_n ,il'l_l_ lhl, ll!ll.il'ill l'l't.l_lln i,liv_,,<i ,lri li lit iihitul (i. 1, _iiid

:,(I. 1 I,) ,: Itl,,(l, 1 Iv I . (I,)

l'lil, r,illT,_, d_,lay _,ri'l_i" iI_i_, I_ Ih,, illi,l_l i_lllill,_t l_l'i,_,ll_l, ol v_',lli, i, vtltll_t"

lili_ ilt,_,n i',lli'uliltl,d (<l'hilillll_illll ,tlili %%'_,titl. lllillll ,itltl i,-I lllt)ti|,ll_,l| ill I'ilbl_, 4

l'lll" ii 10-1,11i hlll'i;,.lllillil llilih. 'l'h_, i'_i.,-il, ,tll_lll._ Jill, ,_i, llilli l'_lli ll_, ilt)lll-ll'_ilil,tlt,iI

by i'llnl-tilll, l'iltl4 ,_111llV_,l*illdl, Vilp(ll, llrl,._.-.liiri , i_._.r lhl, t'irvil _l'_il_, h_,il_i-I _,t' lhl,

illiilll.'-ll}il(,l'l, (_ I_.itl),

t
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N,.(_) = Ng(_)- 1

for this caa,., "fhay..r (1967) has so.lv,.d th,. throe-frequency by_tcm equations

for a horizontal propagation path and obtained tile atmospheric de|ay as a

function of the mt, asurt,d path difference, llis r_,sults take. the fo.rni

L 3 - l, -- II I 1 t --_1 g (I'z " 1'11 + Ill I 4 T T (I, 3 - l, 11 0 1_1

wh,.r,. H1 and 132 art, conutants related to the waw, b,ngth_ uet.d in tl_. syul,'H1,

and 'T is th,. av_r;tg, ' t,.nHJ,'ratur_' ov_,r the path. For a _ystem containing

k! :- 1_943 A, k2 = _(,t,0 A, and \] = ._.v,.ral cc, ntilllet(,r_, Thay,.r
finds

( 0" "7 '"5 T) -I, ).!,$ -.!.-_ 10°i,',42 (1 - _.011 It)'_'T) (10Z - l.l) - 1.02155 I _._ (I,$ I

('_)

I h,' rarJir_ alliJ,_ph,.r!, ,,_rl',,, ti,Jn i._ an ,Jr,h,r of lllagllittllit' l, Ill I,'n#itIV,'

tO _,,_iz'ialit.ill ill (|._ ,- I. i ) thasl if Jn t,_ tlio_, ill {|._ " |.i).

l"',lr ,t v,,rlltal lj_t,l_ ililih,l" , ,llldi(l,_llh tll;il ¢',,,,|u|f," |hi' th;','i'.-|ft'lltli'lii'y

|,.,'ililJtll|(. |$_IIFlit ( t|i'a,'?, PII._IIIt' lii,'t|*'lll will ii_v,, to h,' l,liilld t,._ |l+ilzd_,, tl_*'

tl.lllilt, ral|ir_, d,.l..n,l,.nt ,, intr,_,l_i,i,tl !ty I;,,, W,l,_r w_,l,_r-v,l:.ir i,.rlll. _in¢:,'

til(' Hc:a|t' }il, i_ht tl| th,. wati, r wqlr_r t. ,,lily a J,'w ki|i,_ili¢'tl'ri, l,_w-ltltifud,'

t.llq),,ra¢_ir,, pr,_fit, _ ll,iy b,' _._df|, i,'lli t,l ,i|)IHiI! r,,a_,,nal_t, rl'lultl. (:un-

_i,i,,rabl,' ,,valu_,ti,,n i_ ,,till r,,q,lir,,,i ,,i t,._,! lh,, f,.aNlhillty ,_l th,. thr,,,.,.

_.,avpl,,ngfh ,y,lt,.ll| ;_s., |llr'ltlllll_ t,', t|fli_l_l,' tltr,_ltlh f.|l(' *ltllH)SllhPr,_ i_l_'l tll,'_i

tO f,.Isl th,' a¢ _ llral il*R It whitil _,i, h ,- lyl'_ll'lll t ,told op,,rat,,.

44
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r

W,' _Lr_..ut_Hld,'rinl_ . lw._ir,,q_l,,et, _ r._|n,J-int_,rl'a'rum_'tcr ,.xp_riment

in whic'l_ th,, ,l_.p,,r_L..J ,.l II,,, .,.,_ph,-_,- .J,,I ino,,rplant.tary c.l,.ctrt)n_ wL]|

b,, _,,cl to h.tlldi,, lh,, iJ,,, .... J, t.t.. ..... .... • _J_, Ilzl.-_l. ii.,c|l;_ (5hapiro, |'_I_9),

'l'h_ _yst..n_ w,,uln .:,,,,t _- .;,_:. ; _ _ -.t ,_ _.-, t,_id I,Ijt:l't)w;zv*' fr(.qm.ncy

t,)z- icm,J_ph_.ri- ,,',r,,., , _ _t,_.,r, 1'_,,7)

'['i1¢' i|[llltll,l,' _ _': ....... _,il_ F |,.. hrllctllz" d_,_,ril..d Ii,,r,'

¢1()1':_ n¢il _li t tti11-11 I_,i .......... i. ,,,. | i_,_tti I=.rlK_li._ ) I_,..i,h's,

turhtzh,ri_',, oll,_ , ro _,, ._.,, ....... , -,,, h i_.tltl irl ,. dif|t.rz,rit manner.

()l)lilltllll| ,q_,'r0ltl,,,..,,_ ......

":) :1' t ,,rlll,'Irl¢ .Iiy rc_irl(:ilh'lll.

l'tt,' opti,',ll i_t_o i ,.,-,._.- =,,,- _,,_. It,, i._-,,, t t', 't*""' _ .tn.)upht.ri¢-['orrt','tion

it h_il_ tJIl|y |ll,l,n lit;,.ll I_,.Iw_,o,ii ._liFl,l, l-l.),t_'tl li'l'lliill;t|li, lii,'rl' _q)pl'ar_ to h{'

Ill) t,i)vi(}tl_ oh_it;t¢h, i_ _i,_il_l_ lit¢, _:blt.ltl v.-tlh ;t Ili.i||f)illl-lllierl'li' l,,rlllirl;,I or

rt.lr,)r,_fli,c'l,)r. Th=' _ieiii_titi,'=l _Hi,,r_il _y_l=.lli is ahuwn in _'iKtlr,' I _,

l)t.lails =}It _tli'Ji I_tyHtt,lli t _lrl, _l,'alf with al J=,lq_th by s,'.v{'ra| _titht_ra (Wl.lcl

_11(1 'l'|_,}lltpPi¢_it, igl_H; (,)Wt'lll'l i.ilill l_.'_lrltI, th,lw, | ,ii,H). '!'1.'.,. opl|{'_*l I'iil'l_|n_

,h,vit,'_ tl{_v,' h,,i,r_ lll_,.il l_,o.r piith I,,n_lll_ ,_f t,,_ I<tll _llllll 4lPl.';lr Ill h_lv,, t|1,,

t. apah_lily i}1 t)lit,lr{ttifll_ i_v,,r IIIllt'h I.nKi'r r,lnK,'_ wtll, _,1111,, Iilt)ll_l'_t'_llil_llPi,

Itll| Jill' l.l'ilt*_lllE , dll, ll_il-Ily "_ill ¢,*quir, NI)IIIt' .p,', i,,I ,fl',_rl,

IL,,l,.rrilq_ ta_ F'il_01r,, I }o th,. i_al, h h'l|Ktl_ ,lifl,.n'a,llt i, I.,twr.l.l_ k i ,=lid )._. iu

,i,t - 4,_
_,. ...... k ,l, i I, z ; ._ .

IlitlNt IJa. _lllihl'Al_'_l t*_ r_l,lltl_V(' _lly atyllll,'Ptl_ilti, l.rro_r, lq|a#_._:Olll_l_#l'li_l,Jli

lll'lwllr_M ilii i'_tnl Ih_ll ilrl, i atJ,dd,, .1' ,lllla l'il|lill.,lilll_ ph_*' i|ili'l,lrl,lil;l'l! t;I la._il

|hill'i Id)- _ W.w,!a'l,Kth, &l , i=r*tlrl K l_l ()Wl'lil_ ,!t I_|lV_rill!|ilil*rlO_l| _¢_41tl,lll i.

_t,lrvJ a !'i _;!l!i|lllitr_lltt_ll (I';,_HAi (llr_wlgt ' (IIIl|lllll,tlli, ,llitlll)l_tltit Ill iltlt_tlil.ll_lr_
i

, _tl_,,tpla' ,_1 itlp.l'_tPilt_ 4! |t)d'| _/11|/, ,Or,' r,,_l_,,01ahh., ,llltt Nit Wt' i i)tll_l I'xt)l'* I ft)

.l, hi,'v, ,i nyt'il, Oil _l'Itllti,_lly ,,I 4 t ra{ I_,,11 ,*f I ".tit I1,', ' ,'*10nati,m (h)I,

4_
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L sLIGHT )'1 X= j. MODULATOR 1 q TRANSMITTING ] .,,_,,,_,ouRc_ - -2 J OPTICS

- x, w,Oe ,, ,&,O,,
I RECEIVINGL_ BEAU _'_L PHOTOMULTIPLIER_ PHASE 1

"_"v"" l OPI'I¢S ]- I SPLITTER_oToMULTiPLIE,_ _ COMP.R'TOR

J

L"' F-!.°,, _ ,t.t_ .---.I

Figur,' I 3, l_,l-t'k diagram of prolJing _yst,,nl,

"L'h,. addition -f a third fr,,qu,.nt'y (n_icrt)wave hand).t, tht* nyutt,m i._

ntrail4htf,;rward .nd hat_ t.,t.rl alr,.ad¥ pvr;t)rmi,d eltlcci.st_ftllly by Wtlt_d itn,l

'l'h.mpn-n at ESSA (private c-illmunit.atit)n), l'_}r tnlr applLt_ation, the

Illird I'rt.tjllVll(y t.,_uld lit, pr.vi,.,d hy a ','adar working in Ih,, X-bitnd regitm,

itrltl it iS t'tlflt't.ivilll|t • thlat lilt, Iili¢'rllwilvl' ¢';irgjt.r could hr, llnvd an IIIolrhll_ltioli

i't;r tilt, ,_])ti_'al fr0.qtlt,llt'i,,_.

Th,' iDI)l)l',)iat h dr.a,'rihod olp_v,, in ,rilp.I)h', -I ,I-,uu.rinl4 thP i_r.i;al4_lli-r_

,l,,lay lhrolq_h I1., all..nl_l.,r,..od _ ,'in ,,.nily t., a(hq)t,,d f-r .ibntdul,, ri_g,,

lllt'illtUl'l'ltlW'ft|N, |"l'l'(|llt'llt y t_1' ill/qtlilttlh, ct.liely, i'a. hi, /idd,,d t,; .t11, ld Iho

lr,lllt_lllill_,,| I..itllt_l I,,ilt.,r l_ltli, .I ,;r _lilt fOWilVt') |t_ ,'_mhh' un t. ,_ml._,

_t,_,dtit,. tilH_'-,_t'-tlil4hl IIII',INIlI'I Illt'll|l_. I'l.lOq_n,.t _l_l,I W,.td hav_, it l,..h,i_l,.

tittli fr,,q .el.y..d_ll! t,.,hl.qu,, It- lal,,, tangi.g ,l_lta) tha! ,',._hl al_- I.. dlr,.clly

AI li I.,Ight ,d t5 k.l, Hfl% _,f th*' .llm.npht, r,, -.d ,,.n,,mhilt/ _ll lilt.

v_tri,lltili!y tit, t.,l,_w tl.. II.|lltl{lll, illlll il I_[tltl_l l|ill', rt.llti;il-i.hli_lt, ii,ilh

iitt,tirltllrtqtlt.lll _l..llel rl-thll P tilt' itlltl,l_.llllvril IIr_lllitl,_iitiilll d,,Iny Vi'l'ltr Ill

t I!'111 ltlll't_' rl_,

4fi



For the 9ptimum systolic, lhL. hall(ton nlust track tilt, radio star acr-oaa

th,, sky. Angular aeparatit)n should he no largt, r than is rt, quired to run both

radio and attllOsl)ht.ri¢ op,,ratitms simldtan_.ously. Radio-interferumeter

l',_q'a.',urt,m_.nts will he takvn,vt.r short intt.rvals (several minutes), wh_,re

st(.llar motion will bt. Li|llited to about I . W(' will inw.atigate the. possibility

of tracking for long_,r l)J,riJ)cls with pow,.red balloons, hy utilizing the pro-

_'ailing winds _)r hy r(,lying on |l_ultiph,-h_,llotm arrays. For a singh.- or

nlultiph.-halloon sysl(.m position¢.d within 1 _'of th,, line of sight of th=_ radio

star, the. (olunmar probe is at Int)st a fraction of i km from ti., radio

obs_,rvation patl_ {0.2_ I_m at 15-kmaltitude). Thompson at ESSA (privatt'

¢ mll_unication) has shown that tht. columnar phast, delays ovt, r paths separate.d,

hy :) I_m art. vt--ry well ¢,rr,,lated . hut this will haw. to he verified.

R4.frattiw' bia._ tnay thfft, r only n¢.gligihly over paths so close, hut variabili%,

_,Juid lill_il tJur _'xpi, rit_n'ntal at'_:urat'i_'s.

R,,th_,r than ,'arry l,,rgt, ant_)unts of ¢'quilmlt, nt aboard tht, hallutm, we

wt*ttld tit,' :,n t_ptit.,! r(,tr-r,.fh,¢t.r and d_t h.th tilt. lat_,,r transn,itt_ng and

tlt.t_'t'littg at tht' ground station. "i'h_, ntit'rowav,, op_.ralton will prt)l)ably

r_,quir,, that s_._nte d,.lt,ttion and tranapt_nd,.r _quipnlt._',i he air-hur_l,,. A

halh-m-h.r|t¢, rt.tr(t/',.t'h.clttr is itls[J tlu,thl,, (ttr lit*' radltr.

l.t;r lhr ,_,,n,, wh,-rt, ,t_l)lil)t.nlal-drif! tlt,.asltr,,lt_¢,nfs at, dlt,./itlitt_d |ty

t_,d_.llit_,_l r,t¢ kitty h,_ hltiq,t,,s iliSl*'.tti (it hy VI.III radi,,-,tat rt)ntt;;_i, at

;lltiti'ttitt ht.h , tilt. t rttll(taltllt,rt, itlld illlltttiltllt't'i*' , tiff41,; tiOllS ,.an |)i, tt|)lilitli'd

lll.r_, r_..dily, l,',_r th,, .al_ llil,,-fl,,,_ Eillg a't ht,,l||, lhe sal_,llil_, il,,,,II _ tit|hi it,,

t/s,,d an Ih*, targ_,l: _ at'vying th,. trannltt.uh, r -r i',,_'_,ivt, r, l'hia i._ tht, ultilt,at_,

ill t.Xltt, rilltt.nlal t*._'hltitlh*' (llit'altliil'tllg th*' I'ltl'l't'l lilts ttVl.l" I|., , tltirt' Dlllh |W

th,' i',_il'-(rt'qtit'llty tl.thlliqlli,). 'lilt, lJrtthl,,itttt ,if r.tllg,, Anti l;at,I, il|g lltllStt _[

¢ourt_,., still lit. lililrlltlllttltt,t[
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